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FOREWORD 

This is the fou r th  i n  a series of task  reports wi th in  a brief study 
11 of "Some Major Impacts of t h e  National Space Program. 

Within t h i s  i nves t iga t ion ,  many candidate  impacts were f i r s t  screened 
and those t h a t  appeared (a) minor or (b) not  l i k e l y  t o y i e l d  t o  s u f f i c i e n t  
study v i t h i n  t h e  s h o r t  t i m e  a v a i l a b l e  were el iminated.  The remaining 
impacts were subjected t o  f u r t h e r  study and each is senara te ly  reported 
wi th in  t h i s  series .* 

The r e s u l t s  of t h i s  study are the  f i r s t  concre te  assays  wi th in  a. 
welter of conf l i c t ing ,  incomplete, exaggerated, and f requent ly  unsupportad 
information. Stanford Research I n s t i t u t e  cons iders  t h e i r  ob jec t ive  study 
an important task  and i s  looking forward to extend the  scope of t h i s  s tudy 
i n  t h e  f u t u r e  by a p p l i c a t i o n  of the background, methodologies, and i n i t i a l  
r e s u l t s  obtained to  date. 

John G.  l e i t n e r  
P r o j e c t  Manager 

I 1  t?  * The t i t l e s  a re :  "Economic Impacts, I d e n t i f i c a t i o n  of N e w  Occupa- 
??  11 11 I ?  t i ons ,  Impacts of New Mater ia l s  Technology, Impacts Upon Aviat ion 

and Aeronautics, Impacts Upon Health, Biology, and Medicine, Some 
Total  Impacts of NASA Capabi l i ty ,  The Impact of the  Space Program 
Upon Science--1. Astronomy. 

11 ? I  ?t  ?? 

I ?  11 

??  
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INTRODUCTION AND SUMMARY 

The o v e r a l l  purpose of t h i s  study was to examine t h e  c o n t r i b u t i o n s  
of NASA t o  se l ec t ed  a r e a s  of materials technology and t h e i r  impact upon 
t h e  economy of t h e  na t ion  a s  a whole. Quan t i t a t ive  as w e l l  a s  q u a l i t a t i v e  
measures were t o  be obtained so t h a t  a n  estimate could be had of t he  pro- 
p o r t i o n  of t h e  NASA e f f o r t  i n  r e l a t i o n  to t h e  to ta l  na t iona l  e f f o r t  i n  
t h e  same a reas .  

The determination of t h e  techn5cal con t r ibu t ions  of NASA both a s  to 
amount anddegree  w a s  accomplished with t h e  des ign  and u t i l i z a t i o n  of a 
s p e c i f i c  l i t e r a t u r e  search  technique. The procedure included t h e  use 
of a console/computer arrangement, which had access t o  a l i n e a r  f i l e  of 
c i t a t i o n s  of r e p o r t s  inc luding  those  a b s t r a c t e d  i n  STAR ( S c i e n t i f i c  and 
Technical fierospace Reports) of NASA. This  made it  poss ib l e  t o  ob ta in  a 
l i s t i n g  of t h e  accession numbers of a l l  e n t r i e s  i n  STAR for each of 33 se- 
e l e c t e d  materials technology areas over t h e  per iod  1962 t o  1967. The quan- 
t i t a t i v e  measure t h a t  was s e l e c t e d  for t h i s  study w a s  t h e  proportion of 
NASAvsall contributionsofliterature e n t r i e s  i n  STAR for e a c h o n e o f t h e s e  
materials a r e a s .  E ight  o u t  of t h e  33 materials technology areas had a 
s i g n i f i c a n t  percentage of NASA r e p o r t s  referenced i n  STAR and were s tudied  
i n  g r e a t e r  d e t a i l .  The survey covered t h e  s i g n i f i c a n t  t echn ica l  con t r i -  
bu t ions  and t h e  ensuing and p o t e n t i a l  a p p l i c a t i o n s  t o  s e c t o r s  of t h e  
economy o u t s i d e  t h e  space program. The source m a t e r i a l  included the  NASA- 
sponsored r e p o r t s  t h a t  were so r t ed  o u t  fram t h e  computer l i s t i n g s ,  o t h e r  
materials l i t e r a t u r e ,  and d i scuss ions  with expe r t s  i n  t h e  var ious  f i e l d s .  
Evaluation of t h e  e i g h t  areas ind ica t ed  t h a t  each had a n  impact on sectors 
of t h e  economy o u t s i d e  of t h e  space program i t s e l f .  The na tu re  of t h e  
impact t oge the r  with a l i s t i n g  of items t r a n s f e r r e d  to  o t h e r  sectors of 
t h e  economy are summarized i n  Table 1 below €or each of t h e  e i g h t  mater- 
i a l s  areas. 

Even though t h e  scope of t h e  p re sen t  study was l imi t ed ,  s u f f i c i e n t  
da t a  and information were generated t o  show t h a t  t h e  con t r ibu t ions  by 
NASA i n  t h e  ma te r i a l s  technology a r e a s  were not  only s i g n i f i c a n t  i n  pro- 
por t ion  to  t h e  t o t a l  na t iona l  e f f o r t  bu t  a l s o  t h a t  t h e  impacts on t h e  
n a t i o n a l  economy as a whole were cons iderable  and va r i ed .  
is shown i n  Table 2, which d e p i c t s  t o  which of fou r  major sectors of t h e  
n a t i o n ’ s  economy--power generation, communications, t r anspor t a t ion ,  h e a l t h  
care--each of t h e  e i g h t  materials technology a r e a s  has con t r ibu ted  sig. 
n i f i can t  innovations or improvements. 

This v a r i e t y  

Fur the r  ex tens ion  and refinement of t h e  techniques developed here  
could be appl ied  r e a d i l y  t o  a l a r g e r  sampling of  t h e  ma te r i a l s  technology 
a r e a s .  I n  t h i s  way, t h e  cons iderable  na tu re  of NASA’s con t r ibu t ions  t o  



Table 1 

IMPACT OF NASA- SPONSOIUD W R K  

ImDact 
Materials Areas Se 

Electroforming 

Fuel cell  

- ected by NASA* Transfer t o  Other Sectors of Ec nomy 

+ 

++ 

Nickel-cadmium battery +++ 
Silvercadmium battery 
S i l v e r z i n c  battery 

Refractory al lov 

Solar c e l l  

+++ 

+ 

Stress-corrosion of t i t a -  +++ 
nium alloys 

* +++ Heavy impact 

-k Light impact 
++ Moderate impact 

2 

Stress-free components 
Improved nickel-cadmium ba t t e r i e s  
Tooling and d i e s  
Solar concentrators 
Complex pa r t s  
A r t i f i c i a l  limbs 

Deep ocean technology 
S i l v e r z i n c  ba t t e r i e s  
Dry tape battery 
Electr ic  aui.omobiles 
Life support s y s t e m  

Economical, compact hearing-aid 

E lec t r i c  automobile 
Battery systems of improved re- 

l i a b i l i t y  and energy density 
Deep submergence vehicles and 

submarines 
Life cycle t e s t ing  

Power generation systems 
High temperature, duc t i l e  a l loys 
Oxidation r e s i s t an t  coatings 
Plasma spraying 
Welding techniques 
J e t  turbine engines 

Weather prediction ( s a t e l l i t e )  
Communication ( s a t e l l i t e  ) 
Remote area power generation 
Emergency telephone systems 
Improvement i n  solar  c e l l  systems 

Establishment of standards 

Supersonic a i r c r a f t  
Rapid, r e l i ab le ,  low cost s t ress-  

He1 icopters 
Deep submergence vehicles 
Desalination plants  
Chemical processing i n d u s t r y  
Medical implants 

b a t t e r i e s  

f o r  a l l  uses 

corrosion cracking t e s t  procedure 



materials technology and t h e  t r a n s f e r  of t h i s  knowledge t o  b e n e f i t  t h e  
na t ion  as  a wt3le i n  many s e c t o r s  are c l e a r l y  ind ica ted .  I t  i s  recom- 
mended t h a t  cons idera t ion  be given to extending t h e  work t h a t  was in i -  
t i a t e d  i n  t h i s  study so t h a t  t h e  f u l l  measure of t h e  NASA con t r ibu t ion  
can be i d e n t i f i e d  and recognized. 

Table 2 

MATERIALS IMPACTS I N  MAJOR SECTORS OF NATION'S ECONOMY 

Power Communi- T r a n s p o r  Health 
Care 
7- 

Materials Areas Genera t i o n  c a t i o n  t a t i o n  

E 1 ec t ro f ormi ng 

Nickel-cadmium b a t t e r y  X 
Si lvercadmium b a t t e r y  X 
S i lver -z inc  b a t t e r y  X 
Refractory a l l o y  X 
So la r  cel l  X 
Stress-corrosion of 
Titanium a l l o y s  X 

X 
Fuel C e l l  X 

X 

X 
X 
X 

X 
X 

X 

X 

X 

X 
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DISCUSS ION OF METHODOIDGY - 
Objec t ive  

The o b j e c t i v e s  of t h i s  study were to  (1) develop an informetion 
search method t h a t  would i d e n t i f y  t h e  NASA c o n t r i b u t i o n  t o  each of sev- 
e r a l  s e l ec t ed  a r e a s  of materials technology; (2) assess t h e  impact of 
t h e  NASA con t r ibu t ion  wi th in  a s e l e c t e d  sample of materials technology 
a reas ;  and (3) p o i n t  o u t  how t h e  p a s t  and f u t u r e  a p p l i c a t i o n s  of NASA- 
sponsored developments t h a t  were o r i g i n a l l y  o r i en ted  toward t h e  space 
program would b e n e f i t  o t h e r  s e c t o r s  of  t h e  n a t i o n a l  economy more re- 
l a t e d  t o  d a i l y  l i v i n g .  These o b j e c t i v e s  were designed t o  show t h e  fea- 
s i b i l i t y  o f  such a search  method to i d e n t i f y  those  areas o f  materials 
technology to which NASA has  made a s i g n i f i c a n t  con t r ibu t ion  and exten- 
s ion  of knowledge. This sti:dy was designed to develop q u a n t i t a t i v e  a s  
w e l l  a s  q u a l i t a t i v e  measures of t h e  c o n t r i b u t i o n  of NASA t o  t h e  s ta te  
of t h e  ar t  of s e l e c t e d  materials technology areas, p a r t i c u l a r l y  with 
r e spec t  t o  t h e  to ta l  c o n t r i b u t i o n  by a l l  government agencies  and t h e  
p r i v a t e  sector over  t h e  same time period (1, 2)*.  
a t t e m p t  t o  look a+, a l l  m a t e r i a l s  a r e a s  i n  depth but  only to  sample some 
of t h e  promising a r e a s  to v e r i f y  the  s u i t a b i l i t y  of t h e  search  method 
and t o  determine where refinements of t h e  technique would be use fu l  i n  
f u t u r e  s t u d i e s  of  t h i s  k ind .  

This  study does no t  

Se lec t ion  of Mater ia l s  Technology Areas 

The complete l i s t  of index terms f o r  STAR, CSTAR, and IM? as used 
a t  the NASA S c i e n t i f i c  and Technical Information F a c i l i t y  and as com- 
p i l e d  i n  the  Subjec t  Authority L i s t  o f  September 7.967 was surveyed. Items 
r e l a t i n g  t o  materials and materials f a b r i c a t i u n  techniques were e x t r a c t e d  
toge the r  with t h e  total  number of documents indexed by t h i s  term f o r  
p u b l i c a t i o n  purposes. 
a t o t a l  of 399. The sample index terms are l i s t e d  i n  Table 3 (shown here- 
a f t e r ) .  The s e l e c t i o n  of  t h e  33 terms was based on a survey of t h e  mate- 
r i a l s  l i t e r a t u r e ,  d i scuss ions  with experts i n  t h e  f i e l d ,  and s c i e n t i f i c  
judgment a s  to  which areas would have t h e  b e s t  p o t e n t i a l  t o  show a sig- 
n i f i c a n t  NASA controbution r e l a t i v e  to t h e  t o t a l  e f f o r t  i n  those areas 
(1-6). 

Then,a sample of  33 index terms was s e l e c t e d  from 

* Numbers i n  parentheses  refer t o  i3eferences l i s t ed  a t  t h e  end of r e p o r t .  
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Table 3 

INDEX TERMS SELECTED FOR MATERIALS STUDY 

Beryllium 
Bwon 
Boron a l l o y  
Boron polymer 
Ceramics 
Chemical m i l l i n g  
Composite material 
Corrosion 
Cryogenic i n s u l a t i o n  
Electrochemical machining 
Elec t rohydraul ic  forming 
E lec t ron  beam welding 
Explosive forming 
Fiber  
F rac tu re  mechanics 
Fuel c e l l  
Gal l ium a r sen ide  

Graphite 
Lubricant 
Magnetic forming 
Nickel -cadmium b a t t e r y  
Nondestructive t e s t i n g  
Polymer 
Refractory a l l o y  
Silver-cadmium b a t t e r y  
S i l v e r  z inc  b a t t e r y  
Solar  ce l l  
Spin fo rg ing  
S t ress -cor ros ion  
St ress -cor ros ion  of 

t i t an ium a l l o y s  
Titanium 
Titanium a l l o y  

To o?>tain a rap id ,  accu ra t e ,  and uniform assessment of published 
information, arrangements were made t o  use the on-line t e l e t y p e  console,  
loca ted  a t  NASA Headquarters i n  Washington, D.C . ,  which has access  t o  
t h e  l i n e a r  f i l e  of c i ta t icns  of r e p o r t s  loca ted  a t  the Lockheed computer 
f a c i l i t y  a t  Sunnyvale, C a l i f o r n i a .  

This  console/computer a r rangezent  d i d  no t  have t h e  search  and 1 ;nt-  
ou t  c a p a b i l i t y  o f  the College Park, Maryland, f a c i l i t y .  One of L i 

shortcomings was t h e  i n a b i l i t y  of  t h e  system t o  s o r t  the  items i n t o  . M A  
and non-NASA groupings. The computer was programmed to select i t e n i s  
from STAR onlv; the u n c l a s s i f i e d  and unlimited dis t r ibut io . . ,  r e p o r t s  on 
NASA and DOD-supported work. 
pub l i ca t ion  is  devotud t o  p e r i o d i c a l s  and symposia and t r a n s l a t i o n s .  
Also there i s  s t r o n g  evidence t h a t  technologica l  progress i s  f i r s t  re- 
ported i n  contract progress  r e p o r t s  :n a pre l iminary  farm and then re- 
peated i n  p e r i o d i c a l s  and symposia. 

The 1AA items were no t  s e l e c t e d  s i n c e  t h i s  

With t h e  use of t h e  computer, a l i s t i n g  of access ion  numbers f o r  
items i n  STAR f o r  e&;h of t h e  33 index terms f o r t h e p e r i o d  1962 through 
1967 was obtaii .sd.  Since no breakdown could be achieved between NASA 
and non-NASA items by t h e  compucer pr in t -out ,  t h e  items were mariually 
separa ted  i n t o  these c a t e g o r i e s  by rererence t o  the published annual 
indexes of  STAR where NASA-sponsored items are i d e n t i f i e d  by an  a s t e r i s k  
a f t e r  the  access ion  number. Because of the  extremely l a r g e  volume of 
items for some of t he  ca t egor i e s ,  a sample of up t o  a maximum of 100 
most recent items i n  each p e r t i n e n t  category was separa ted  i n t o  NASA and 
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nowNASA groupings, and t h e  percentage of NASA e n t i r e s  i n  t h e  sample was 
determined. A summary showing t h e  t o t a l  number of e n t r i e s  f o r  the t i m e  
per iod 1962 to 1967, with t h e  t o t a l  number and percentage of NASA entries 
i n  the  sample, is given i n  Table 4. 

Since only t h e  most s i g n i f i c a n  i t e m s  were to be surveyed for t h i s  
study, a c r i t e r i o n  Tor e l imina t ing  a l l  but  a few items had t o  be estab- 
l i shed .  I f  one considers  the  d i s t r i b u t i o n  of f e d e r a l  o b l i g a t i o n s  f o r  
research  and development f o r  t h e  year  1967, t h e  con t r ibu t ion  o f  NASA 
was 3070 ( 7 ) .  Then, i f  t h e  ratio of e n t r i e s  of  items i n  STAR t h a t  were 
supported by NASA were above t h a t  percentage,  i t  was considered s i g n i f i -  
can t  f o r  t h i s  study. 
addi t ion ,  a minimum of a t  least 40 t o t a l  entr ies  f o r  t h e  per iod 1962 to 
1967 f o r  each category was e s t ab l i shed  before  t h e  category was considered 
f o r  t h e  survey of cont r ibu t ions .  The following e i g h t  ca t egor i e s  of mate- 
r ials technology m e t  t h e  above criteria: 

The 40% l e v e l  was t h e  s e l e c t i m  c r i t e r i o n .  I n  

Electroforming 
Fuel ce l l  
Nickel- cadmium b a t t e r y  
Refractory a l l o y  
Silvercadmium b a t t e r y  
S i l v e r z i n c  b a t t e r y  
Solar  cell 
Stress-  cor ros ion  of ti tanium 

a l l o y s  

Survey of Naterials Technology Areas 

For each of those e i g h t  materials technology items shown above, 
every accession number t h a t  r e f e r r e d  to a NASA i t e m  i n  the sample was 
checked and the  a b s t r a c t  i n  STAR was reviewed f o r  conten t .  For each 
category, a l ist  was prepared g iv ing  the  contract number, con t r ac to r ,  
and t i t l e  of the  report. I n  c e r t a i n c a s e s ,  t h e r e  was a series of a b s t r a c t s  
extending over  a per iod of t i m e  covering the same con t r ac t  number and t h e  
same project .  In  these  cases ,  only t h e  f i n a l  report--or the  latest r epor t  
of a series when a f i n a l  r e p o r t  had not  y e t  appeared--would be l i s t e d .  
E a c h o f t h e s e  ?istingsofNASA-sponsored work is given i n  a t a b l e  a t  t h e  
end of t h e  d iscuss ion  of each ind iv idua l  ma te r i a l s  technology a rea .  

The d iscuss ions  of t h e  work performf,d under NASA auspices  were based 
on the  a b s t r a c t s  of t he  con t r ac t s ,  rep3::ts on NASA au thor i za t ion  hear ings  
before  congressional committees, NASA Ypecial Publ ica t ions ,  review a r t i c l e s ,  
o t h e r  publ ica t ions ,  and d iscuss ions  with persons knowledgeable i n  t h e  
var ious ma te r i a l s  technology--new with respec t  to both innovat ions and 
advancement and improvement. 
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Index Term 

Beryllium 
Boron 
Eoi-on s i l o y  
Eoi-on polymer 
C e r a m i c s  
Chemical mil l ing 
Composite mater ia l  
Cdri-os ion 
Cryogenic insu la t ion  
Electrochemical 

Electroforming 
Electrohydraulic 

Electron beam welding 
Explosive forming 
Fiber 
Fracture mechanics 
Fuel cell 
Gallium arsenide 
Graphite 
Lubricant 
Xagnetic forming 
Kickel- cadriium bat tery 
Sondes t r u c t  ive t e s t i n g  
Polymer 
Refractory a l loy  
Silyer-cadmium bat tery 
S i l v e r z i n c  bat tery 
Solar c e l l  
Spin forging 
Stress-Corrosion 
Stress-Corrosion of 

titanium alloys 
Titanium 
Titanium alloy 

machining 

forming 

Table -1 

STATISTICS OS ISDES TERW CSED IS STlnT 

T o t a l  So. of 
A11 E n t r i c s  
for 1962-1967 

1,199 
918 
19 
3 

901 
15 
331 

1,963 
50 

7 
43 

9 
74 
41 

141 
328 
203 

1,278 
600 
12 
168 
270 

2,087 
163 
81 
95 
362 
4 

181 

217 

636 

1,022 

2,101 

1967* 
1967* 

1962- 1967 
1962-1967 
1967* 

1962-1967 
1967* 
1967* 

1962-1967 

1962-1967 
1962- 1967 

1962-1967 
1962-1967 
1962-1967 
1967* 

1965*1967 
19btP-1967 
1965*1967 

1966*1967 
1962- 1967 
1965*1967 
1966*1967 

1964*-1967 
1962-1967 
1962- 1967 
1966*1967 
1962- 1967 

1965*1967 

1965+1967 

19 67 * 

1967* 

1967* 
1967* 

100 
100 
19 
3 

100 
15 

100 
100 
50 

7 
43 

9 
74 
41 
100 
100 
100 
100 
100 
100 
12 
100 
100 
100 
100 
81 
95 
100 
4 

100 

100 
100 
80t 

17 
24 
5 
0 
20 
4 
36 
20 
15 

0 
26 

2 
16 
14 
25 
24 
56 
19 
12 
31 
7 
87 
26 
21 
67 
66 
76 
75 
1 
39 

45 
20 
15 

1 7 r P  

24 
96 
0 
20 
27 
36 
20 
30 

0 
60 

22 
22 
34 
25 
24 
56 
19 
12 
31 
58 
87 
26 
21 
67 
82 
80 
75 
25 
39 

45 
20 
19 

* 
t 

Only a portion of  the  e n t r i e s  f o r  t h a t  year were required t o  make up the  t o t a l  of 100 for 
the  sample. 
Only the  80 most recent references were supplied by the console-computer system f o r  t h i s  
index term. 
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ANALYSIS OF NASA CONTRIBUTIONS TO SELECTED 
AREAS OF MATERIALS TECHNOLOGY 

Each of the e i g h t  m a t e r i a l s  technology a r e a s  t h a t  m e t  t h e  s e l e c t i o n  
c r i t e r i a  f o r  t h i s  study is discussed i n  g r e a t e r  d e t a i l  i n  t h e  t e x t  t h a t  
fol lows.  The coverage includes a b r i e f  d e s c r i p t i o n  of the opera t ion  or 
a p p l i c a t i o n  where required t o  c l a r i f y  or place  i n  proper perspec t ive  t h e  
cont r ibu t ions  by NASA. The d iscuss ion  genera l ly  concentrates  on those 
i t e m s  e l ic i ted by t h e  l i m i t e d  sample taken f o r  t h i s  s tudy and is not in-  
tended t o  be a l l - i n c l u s i v e  of t he  e n t i r e  body of work done by NASA. Gen- 
e r a l l y ,  t he  period covered is 1962 through 1967 a s  en tered  i n  STAR--or 
t h e  l a s t  100 i t e m s  where t h e  t o t a l  number of e n t r i e s  is large--in which 
case  only the  l a s t  year  or two is covered, The s t a t i s t i c s  a r e  shown 
i n  Table 4 and a r e  repeated a t  t h e  end of the  disci iss ion for each mate- 
r i a l s  area.  A b r i e f  l i s t  summarizes the  major c a t e g o r i e s  covered by the  
l i t e r a t u r e  i t e m s .  A t a b l e  l i s t i n g  a l l  of the p e r t i n e n t  c o n t r a c t s ,  g r a n t s ,  
and in-house p r o j e c t s  wi th in  the  sample by c o n t r a c t  number, con t r ac to r ,  
and t i t l e  concludes each discussion.  

Electroforming 

Electroforming is t h e  production or  reproduct ion of an a r t i c l e  by 
e l e c t r o d e p o s i t i n g  a metal l a y e r  over a mandrel t h a t  l a t e r  is removed from 
t h e  depos i ted  metal by e t c h i n g  or melt ing o u t  ( 8 ) .  The process  is used 
i n  t he  manufacture of s u c h  aerospace components a s  p r e c i s e  metal mir rors  
t h a t  r e f l e c t  s u n l i g h t  f o r  a u x i l i a r y  power f o r  space vehic les  (NAS1-6218, 
NAS7-100 NAS1-$105 , NAS1-3309, NAS7-86, NASL-5743, Table 5). * O t h e r  
aerospace components such a s  antennas and r a d i a t i o n  s h i e l d s  a r e  a l s o  fab- 
r i c a t e d  by electroforming (91, (NAS5-10187, Table 5). 

The electroforming process  is no t  new i n  i t s e l f ;  i t  has been around 
s i n c e  the 1830s (10). Current production p a r t s  range f r o m  g i a n t  missile 
bulkheads t o  p o r t a b l e  appl iances  and b u i l d e r s '  hardware (11). However, 
t h e  p r e c i s e  na ture  of some of the  aerospace a p p l i c a t i o n s  has required 
refinements i n  t he  processing techniques and s t u d i e s  of t h e  fundamental 
na ture  of t he  process.  

There a r e  s u c h  problems as nonuniform thickness  from noneven c u r r e n t  
d i s t r i b u t i o n  and high r e s i d u a l  stresses in  the  d e p o s i t ,  which a r e  the 
major causes of s p l i t t i n g  and d i s t o r t i o n  (12). 

* NASA c o n t r a c t  numbers included i n  parentheses  a r e  referenced i n  the 
corresponding t a b l e  f o r  each g a t e r i a l s  technology category. 
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Experimental s t u d i e s  were perfornled on c y l i n d r i c a l  and s p h e r i c a l  
s h e l l s ,  which were formed by the e lec t roforming  process  and contained a 
known imperfection. Theore t ica l  kucki ing loads  were computed f o r  imper- 
f e c t  s h e l l s ,  and the computation: sliowed the  same t r ends  a s  the  experi-  
mental s tud ie s .  The tes t  r e s u l t s  obtained siggest t h a t  test performance 
is r e l a t e d  t o  the  na tu re  and s e v e r i t y  of flaws o r  imperfect ions and t h a t  
low buckl ing p res su res  can be co r re l a t ed  wi th  t h e  presence of severe  f laws  
or nonuaiformit ies  (NsG-18-59, NsG-630, Table 5) .  

One of the  major problems is i n  making p a r t s  t h a t  a r e  s t r e s s - f r ee .  
The higher  stresses might not  be c r i t i c a l  i n  heavier  s e c t i o n s ,  but  would 
be c r i t i c s  L i n  f o i l - t h i c k  hollow s e c t i o n s  in space  a p p l i c a t i o n s  w i t h  wal l  
thicknessea down t o  0.001 inch (9 ) .  Studies  of t h e  var ious  f a c t o r s  t h a t  
in f luence  stresses i n c l u m  cu r ren t  dens i ty ,  ba th  composition, temperatures,  
and impur i t ies .  The develdk e n t  of a sensor  t h a t  permits  accu ra t e  moni- 
t o r i n g  of t he  dens i ty  has r.:ac?e i t  poss ib l e  t o  produce d i s t o r t i o n - f r e e  
mi r ro r s  ranging  from 2 t o  120 inches i n  diameter (13) (NAS7-100, NAS1-4105, 
Table 5).  

The development of large- internal-surface-area nickel-metal  plaqlies 
by e lec t roforming  is being pursued f o r  incorpora t ion  i.nto improved nickel-  
cadmium b a t t e r i e s  (NAS3-6OC.?, Table 5 ) .  This  has been a coiit inuing pro- 
gram over  seve ra l  gesrs. 

A program was i n i t i a t e d  t o  demonstrate the c a p a b i l i t y  of  u i l t i z i n g  
e lec t roforming  techniques i n  the  des ign  and f a b r i c a t i o n  of l i q u i d  propel- 
l a n t  rocke t  motor i n j e c t o r s  (141, (NAS9-6177, Table 5 ) .  The r e s u l t s  
showed t h a t  the techniques a r e  capable of producing i n j e c t o r s  having com- 
p l ex  i n t e r n a l  p rope l l an t  flow pnssiiges and incorpora t ing  fewer components 
and subassemblies devoid of p r e s s  f i t s ,  welds, and brazes  wi th  demonstrated 
reproducib le  hydraul ic  c h a r a c t e r i s t i c s .  

Electroforming has been used f o r  many years  i n  making i n j e c t i o n  d i e s  
f o r  producing phonograph records.  I t  a lso has been used  i n  toy manufac- 
t u r e ,  and more r ecen t ly  i n  the medical f i e l d ,  i n  the  product ion of a r t i -  
f i c i a l  l imbs (11). Wave guides,  w i t h  t h e i r  requirements f o r  f i n e  i n t e r n a l  
su r f aces  and c lose  to le rances ,  have been produced by e lec t roforming  (10). 
The u s e  of n i c k e l  e lec t roforms i n  t o o l s  and d i e s  is under cons idera t ion  
by automotive companies (11). 

The p o t e n t i a l  of e lec t roforming  has been increased by NASA-sponsored 
work. The importan, a r eas  a r e  the  development of techniques t o  e l e c t r o -  
form s t r e s s - f r e e  p z r t s ,  t h e  improvement of e l ec t rodes  f o r  nickel-cadmium 
b a t t e r i e s ,  t he  carry-over of techniques needed t o  f a b r i c a t e  l a r g e  diameter  
s o l a r  concent ra tors ,  and the techniques f o r  making complex p a r t s  a s  ex- 
empl i f ied  by the electroformed i n j e c t o r s .  

The s u r v e y  of t he  r e p o r t s  i n  STAR yielded a t o t a l  of 43 e n t r i e s  f o r  
t h e  years  1962-67. O u t  of t h e s e ,  a t o t a l  of 26 (60% of a l l  i tems) 

9 



were r e p o r t s  of NASA-sponsored c o n t r a c t s ,  g ran t s ,  and in-house research.  
These e n t r i e s  covered the  fo l lowing  sub jec t  a r eas :  

1. 

2. 

3. 

4 .  

- 

6.  

7 .  

8 .  

Determination of buckl ing stress of c y l i n d r i c a l  and spher ica l  
s h e l l s  formed by the electroformed process.  

Electroforming of s o l a r  concent ra tors .  

Research and development of e lec t roforming  process.  

U s e  of e lec t roforming  process  i n f a b r i c a t i o n  of l a r g e  diameter 
mirrors .  

3cvelopment of large- internal-surface-area nickel-metal  plaques.  

Development of e lec t roforming  techniques for f a b r i c a t i o n  of in- 
j e c t o r s .  

Aiicrocircui t masking techniques.  

Development of a process  f o r  f a b r i c a t i o n  of s p h e r i c a l  cryogenic  
s to rage  con ta ine r s  . 

A complete l i s t  of t he  p r o j e c t s  found i n  t h e  survey of r e p o r t s  on 
e lec t roforming  is given i n  Table 5. 

Fuel  C e l l  

The f u e l  ce l l  is charac te r ized  as  a continuously ope ra t ing  b a t t e r y  
c o n s i s t i n g  of a nonconsumable anode and cathode wi th  the  r e a c t a n t s  f e d  
cont inuously to t h e  cell  and the r e a c t a n t  products  cont inously removed 
a long  with any hea t  produced by the  reac t ion .  The free energy of t he  re- 
a c t a n t s  is converted d i r e c t l y  t o  e lectr ical  energy. Since any oxidat ion-  
reduct ion  r e a c t i o n  may be a p o t e n t i a l  f u e l  c e l l ,  the  s u i t a b i l i t y  of a 
ma te r i a l  is p a r t i a l l y  determined by t h e  thermodynamic da ta  f o r  the  o v e r a l l  
r eac t ion .  However, i t  is a l s o  necessary t o  consider  t he  k i n e t i c s ,  which 
i n  t u r n  are influenced by f a c t o r s  s u c h  as  temperature and pressure  of 
the  r e a c t a n t s  (15). To be considered,  the  system m u s t  be favorable  from 
an  economic po in t  of view. I t  must be capable of high conversion e f f i -  
c i e n c i e s  from chemical energy to  e l e c t r i c a l  energy (over 50% for f u e l  
ce l l s )  (15, 161, be compact, and have few or no moving p a r t s .  

Mater ia l s  used a s  ox id ize r s  and f u e l s  include oxygen, which can be 
reacred  wi th  hydrogen, ammonia, methyl a lcohol ,  b o t t l e d  gas ,  or even m e t -  
a l s  such a s  z inc .  I n  the  l a s t  case, the  zinc-oxygen b a t t e r y  may be re- 
garded as a hybrid f u e l  ce l l / s to rage  b a t t e r y  (17, 18). Hydrogen peroxide,  
n i t r i c  ac id ,  and compounds of ch lo r ine  and f l u o r i n e  may be reac ted  wi th  
f u e l s  l i k e  hydrazine i n  f u e l  ce l l s  for spec ia l i zed  app l i ca t ions .  The re- 
a c t a n t  products  a r e  p r i n c i p a l l y  water with some carbon d ioxide  and o t h e r  
nonpol lutant  compounds, 
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I n  app l i ca t ions  d i r e c t e d  t o  the  space program, such a s  the  Apollo 
and Gemini spacec ra f t ,  where high power dens i ty  and r e l i a b i l i t y  a r e  prime 
cons idera t ions ,  the  r e a c t a n t s  a r e  oxygen and hydrogen, and the  product 
water  will be used by t h e  a s t ronau t s  (19).  The f u e l  c e l l  research  and 
development now sponsored by NASA t o  a s s i s t  i n  l i f e  support  i n  t h e  sea led  
environment of spacec ra f t  w i l l  be d i r e c t l y  app l i cab le  t o  suppor t ing  l i f e  
i n  t h e  ocean depths (2) .  In a sea led  environment, the  f u e l  ce l l  can 
(1) con t r ibu te  po tab le  water t o  reduce the  f r e s h  water supply requirements,  
(2) u t i l i z e  exhaled b rea th  from the  cabin atmosphere a s  a source of oxy- 
gen t o  reduce the  o v e r a l l  requi red  f r e s h  oxygen supply,  and (3) concen- 
t r a t e  t h e  carbon dioxide t h a t  must otherwise be taken up on absorbers  
(NAS9-4107, NAS3-7638, NAS5-10241, NAS9-5080, Table 6) .  

The a b i l i t y  of minia ture  hydrogen/oxygen f u e l  cells  t o  consume the  
gases  generated i n  s i l ve r - z inc  b a t t e r i e s  a l lows the  use  of completely 
sea l ed  b a t t e r i e s  with no danger of ove rp res su r i za t ion  or vent ing  i n t o  the 
cabin  atmosphere (NAS5-9594, Table 6 ) .  

I n  t h e  regenera t ive  type of f u e l  ce l l s ,  t h e  product formed i s  disso- 
c i a t e d  t o  regenera t ive  t h e  r e a c t a n t s  so t h a t  t hey  can be reused. 
a t ive- type cel ls ,  when incorporated i n t o  s y s t e m s  u t i l i z i n g  s o l a r  ce l l s ,  
w i l l  be  e s p e c i a l l y  use fu l  (NAS3-2781, Table  6 ) .  
t i o n  dur ing  sun l igh t  pe r iods  t o  supply power and regenera te  new r e a c t a n t s  
from t h e  f u e l  c e l l  pr'oducts so t h a t  r e a c t a n t s  w i l l  be a v a i l a b l e  f o r  t h e  
f u e l  c e l l  t o  opera te  dur ing  pe r iods  of darkness  (20) .  

Regener- 

The s o l a r  c e l l s  can  func- 

A novel v a r i a t i o n  of t he  f u e l  ce l l  is the  dry tape  b a t t e r y  where the  
e l ec t rodes  and an  encapsulated e l e c t r o l y t e  are  contained i n  a p l a s t i c  f i l m  
or tape.  A s  the  tape is  passed through feed  r o l l e r s  t h a t  crush the  elec- 
t r o l y t e  capsules  , the  e lec t rochemica l  r e a c t i o n  proceeds and thus genera tes  
e lec t r ic  power. The advantages of such a s y s t e m  a r e  easy s to rage  of the 
r e a c t a n t s ,  l i g h t  weight, high power, long s h e l f  l i f e ,  and po r t ab le  app l i -  
c a t i o n s  (16, 18, 21).  

Another a rea  i n  which NASA is suppor t ing  work on f u e l  c e l l s  g ives  
the  spacec ra f t  or submersible the  opt ion  of using the  ox id ize r s  and f u e l s  
on board t o  perform an  a c t i v e  mission of work and t r a v e l  or t o  support  
t he  l i f e  of the  crew while awai t ing  reassignment or rescue. The combina- 
t i o n  of hydrogen peroxide and hydrazine is an  example t h a t  has been c i t e d  
i n  p re sen ta t ion  of t h i s  concept of f l e x i b i l i t y  (NAS3-4175, Table 6) .  

NASA was the  f i r s t  U.S.  f e d e r a l  agency t o  spec i fy  a f u e l  ce l l  a s  p a r t  
of a requi red  power s y s t e m  (15). The agency inv i t ed  b ids  f o r  f u e l  ce l l s  
f o r  a u x i l i a r y  power requirements f o r  some space p r o j e c t s ,  and mul t imi l l ion  
d o l l a r  appropr ia t ions  have been made t o  f u r t h e r  t h i s  e f f o r t .  The f i r s t  
app l i ca t ions  w i l l  n a t u r a l l y  be i n  space technology, bu t  its impact on the 
general  pub l i c  should be s i g n i f i c a n t ,  

Of most immediate in te res t  t o  t h e  consumer is  t h e  cons idera t ion  being 
given t o  f u e l  ce l l s  f o r  powering e lec t r ic  automobiles (NsG-316, Table 6) .  
Allis-Chalmers has a l ready  demonstrated a farm t r a c t o r  powered by f u e l  
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ce l l s  using hydrocarbons and a i r  (15). The increased impetus given t o  
f u e l  c e l l  research  should hasten the day when the  cel ls  may be used f o r  
passenger automobiles. The a p p l i c a t i o n  of f u e l  cel ls  t o  automobiles may 
supply an xonomic  t r a n s i t i o n  t o  c leaner  a i r  i n  our c i t i e s  (without re- 
q u i r i n g  - > e  disestabl ishment  of our petroleum d i s t r i b u t i o n  network of re- 
f i n e r i e s  and s e r v i c e  s t a t i o n s )  by p r o v i d i r g  bat tery-charging f a c i l i t i e s  
convenient t o  t h e  d r i v e r s  (2). 

T h e  survey of t he  r e p o r t s  i n  STAR yie lded  a t o t a l  of 328 entries 
from t h e  years  1962-67. From t h e  most recent  100 items--covering p a r t  
of 1966 and a l l  of 1967--there were a t o t a l  of 56 i t e m s  (56% of a l l  items) 
t h a t  were r e p o r t s  of NASA-sponsored c o n t r s c t s ,  g r a n t s ,  and in-house re- 
search. 

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

8. 

9. 

10. 

11. 

12. 

These e n t r i e s  covered t h e  fol lowing subjec t  a r e a s :  

Fundamental c h e m i s t r y  of f u e l  cells. 

Discovery and c h a r a c t e r i z a t i o n  of c a t a l y s t s  f o r  f u e l  cel ls .  

S e l e c t i o n  and c h a r a c t e r i z a t i o n  of r e a c t a n t s  f o r  f u e l  cel ls .  

Se lec t ion  of m a t e r i a l s  and design of e lec t rodes .  

Se lec t ion  and c h a r a c t e r i z a t i o n  of e l e c t r o l y t e s .  

Geometry of cel ls .  

Regeneration of f u e l  ce l l s .  

Removal of water from f u e l  cel ls .  

P u r i f i c a t i o n  and u s e  of water from f u e l  c e l l s .  

U s e  of cabin atmosphere a s  an oxygen source f o r  f u e l  ce l l s .  

Development of f u e l  ce l l s  w i t h  higher power ou tpu t ,  longer l i f e ,  
improved r e l i a b i l i t y ,  lower weight-to-power r a t i o s ,  and volume- 
to-power r a t i o s .  

Design and c h a r a c t e r i z a t i o n  of f u e l  cel ls  f o r  a p p l i c a t i o n s  s u c h  
a s  Gemini an3 Apollo. 

A complete l i s t  nf t h e  p r o j e c t s  found i n  t h e  l i m i t e d  survey of r e p o r t s  
on f u e l  ce l l s  is given i n  Table 6.  

Nickel-Cadmium, Silver-Cadmium and Silver-Zinc B a t t e r i e s  

Bat tery systems have been widely used over a long per iod of t i m e .  
The nickel-cadmium c e l l  was developed i n  1900, w i t h  t he  s i l v e r - z i n c  c e l l  
fol lowing i n  about 1930 and silver-cadmium i n  the  1950s. The n icke l -  
cadmium ce l l  was a l ready  i n  l imi t ed  commercial u s e  for powering recharge- 
a b l e  f l a s h l i g h t s ,  power t o o l s ,  and other p o r t a b l e  items before NASA's 
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work i n  t h i s  a r ea  (16). However, f u r t h e r  research ,  spur red  by the  space 
program, with i ts  requirements of higher  energy dens i ty  and r e l i a b i l i t y ,  
has l e d  t o  b e t t e r  products  f o r  t he  consumer market. Some items t h a t  have 
been mentioned a re  compact hearing-aid b a t t e r i e s  t h a t  would opera te  a t  a 
c o s t  of almost one-hundredth of those i n  p resent  use .  The e l e c t r i c  auto- 
mobile has been mentioned f r equen t ly  as  be ing  f e a s i b l e ,  e s p e c i a l l y  f o r  
s h o r t  range d i s t a n c e s  f o r  c i t y  and commuter dr iving.  If  s p e c i a l l y  de- 
s igned  nickel-cadmium ce l l s  were used, a range of 200 m i l e s  might be 
achieved (16). Automobile manufacturers are  cons ider ing  the  u s e  of t h e  
improved b a t t e r i e s ]  a long wi th  f u e l  ce l l s ,  a s  a l t e r n a t i v e s  f o r  t he  i n t e r -  
na l  combustion engine because of t h e  a i r  p o l l u t i o n  problems. Any improve- 
ments i n  b a t t e r i e s  developed f o r  the  space program w i l l  l e ad  t o  improve- 
ments i n  b a t t e r y  systems a l ready  i n  genera l  use. Techniques of research ,  
new knowledge of e l ec t rode  chemistry]  and o the r  i t e m s  t o  be discussed 
l a t e r  w i l l  r e s u l t  i n  improved b a t t e r i e s  of a l l  types--not j u s t  l i m i t e d t o  
t h e  t h ree  d iscussed  here.  

The b a t t e r y  eva lua t ion  program is e s p e c i a l l y  important.  To improve 
l i f e  and r e l i a b i l i t y  of ope ra t iona l  b a t t e r i e s ,  NASA i n i t i a t e d  a program 
of long  t e r m  1 ife-cycle  tests (charge-discharge cyc l ing)  which were run 
on ce l l s  t h a t  had passed the  normal acceptance,  which e n t a i l s  only inspec- 
t i o n  and short-t ime t e s t i n g  ( X j  (NASA Order W-11252-B, Tables  7,  8 ,  9 ) .  
The main f a i l u r e  mechanisn; were i d e n t i f i e d .  For example, i n  t he  f i r s t  
y e a r  of l i f e - c y c l e  t e s t i n g  on 660 nickel-cadmium ce l l s ,  t he re  were 191 
f a i l u i e s .  O v e r  100 of these  were caused by i n t e r n a l  s h o r t  c i rcui ts  t h a t  
were a t t r i b u t e d  to  sepa ra to r  breakdown. Other major causes of f a i l u r e s  
were o t h e r  s epa ra to r  problems, e l e c t r o l y t e  leakage, and poorly welded 
connections.  I d c n t i f i c a t i o n  of the  major f a i l u r e  a r e a s  has l e d  t o  work 
t o  correct the de f i c i enc ie s .  This program h a s  for t h e  f i r s t  t i m e  given 
coinplete d e t a i l s  on causes of b a t t e r y  f a i l u r e s  under c o n t r o l l e d  exper i -  
mental condi t ions .  
should l ead  to improved b a t t e r y  r e l i a b i l i t y  and e s t a b l i s h  new design c r i -  
t e r ia .  

The technique and information gained i n  these  programs 

Another s i g n i f i c a n t  improvement was the  add i t ion  of an a u x i l i a r y  
e l ec t rode  (23) t h a t  served t w o  func t ions :  (1) to  produce a r e l i a b l e  elec- 
t r i c a l  s i g n a l  with nickel-cadmium cel ls  to  i n d i c a t e  when recharging is 
complete] thus prevent ing  overcharging or undercharging and inc reas ing  
t h e  ope ra t ing  l i f e  of a b a t t e r y ,  and (2) t o  avoid build-up o f  excess ive  
p re s su re  caused by high r a t e s  of charge and overcharge (24) , (NASr-191, 
Table 7; NAS5-2817, NAS5-3669, Table 8 ) .  The a u x i l i a r y  e l ec t rode  causes 
the  oxygen t o  recombine a s  f a s t  a s  it is produced, thus  prevent ing  pres-  
s u r e  build-up and r e s u l t i n g  i n  l i g h t e r  and more r e l i a b l e  b a t t e r i e s .  

Other work has included b e t t e r  s e a l s  f o r  longel l i f e  and g r e a t e r  re- 
l i a b i l i t y  (20, 25) ,  and the  development of a b a t t e r y  t o  withstand the  high 
temperature s t e r i l i z a t i o n  requirement f o r  p lane tary  landing  veh ic l e s  (26) 
(NAS7-200, Tables 7,  8 ,  9 ) .  

There is a cont inuing program t o  improve b a t t e r y  energy dens i ty  i n  
add i t ion  to  the  c y c l e  l i f e .  The nickel-cadmium b a t t e r y  has a high recharge 
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r a t e ,  is capable of ope ra t ing  f o r  t ens  of thousands of recharge cycles,  
and has a good overcharge capac i ty ;  however, i t  has a comparatively low 
r e a l i z a b l e  energy dens i ty .  In  turn ,  the s i lve r - z inc  b a t t e r y  has t h e  high- 
es t  energy dens i ty ,  but i t  has a l imi t ed  recyc le  l i f e  of only a few hun- 
dred recharges and poor overcharge capac i ty .  The silver-cadmium ce l l  l i e s  
somewhere between the two o t h e r s  (22) .  Aside from des i r ed  improvements 
i n  t h e  nickel-cadmium c e l l ,  the  d i r e c t i o n  of research  was obviously d i -  
rec ted  toward the s i l v e r - z i n c  c e l l .  The problem a r e a s  caus ing  poor recycle 
l i f e  were so lub le  e l e c t r c d e s ,  s epa ra to r s  t h a t  were not  i n e r t  t o  t h e i r  
environment, and the  f a c t  t h a t  the  z inc  e l ec t rode  was sub jec t  t o  d e n d r i t i c  
growths (27, 28).  An example of work i n  one of t hese  problem a reas  was 
t h e  development of an inorganic  type of s epa ra to r ,  which shows g rea t  prom- 
ise (26, 29),  and the  major f a i l u r e  problein of the  s i l ve r - z inc  ce l l  is no 
longer  the sepa ra to r .  Work is  cont inuing  on the  o t h e r  problems. W i t h  
p resent  improvements, t he  s i l ve r - z inc  b a t t e r i e s  have  found usage i n  deep 
submergence veh ic l e s  and submarines (30). 

Although t h e  preceding coverage of t h ree  major b a t t e r y  types--nickel- 
cadmium, silver-cadmium, silver-zinc--was given i n  a s i n g l e  d iscuss ion  be- 
cause of t h e i r  s i m i l a r i t i e s ,  the r e p o r t  l i t e r a t u r e  survey is divided i n t o  
sepa ra t e  s e c t i o n s  

Nickel-Cadmium Bat te rv  

The survey of t h e  r e p o r t s  r e l a t i n g  t o  nickel-cadmium b a t t e r i e s  i n  
STAR y i e l d e d  a t o t a l  of 168 e n t r i e s  for the  years  1962-67. From the  m o s t  
r ecen t  100 items--covering p a r t  of 1965 and a l l  of 1966-67--there were a 
t o t a l  of 8 7  items (87% of a l l  items) t h a t  were r e p o r t s  of NASA-sponsored 
c o n t r a c t s ,  g ran t s ,  and in-house research .  These e n t r i e s  covered the f o l -  
lowing sub jec t  a r eas :  

1. L i f e  cycle tests and a n a l y s i s  of resul ts  

2. Improvements of cadmium and n icke l  e l e c t r o d e s .  

3. Improvement of overdischarge and overcharge c h a r a c t e r i s t i c s .  

4 .  Development of a u x i l i a r y  e l e c t r o d e s  

5. Heat s t e r i l i z a t i o n  s t u d i e s .  

6 .  E f f e c t s  of r ad ia t ion .  

7 .  Control of e l e c t r o l y t e  l e v e l ,  

8 .  Computer methods f o r  a n a l y s i s  of b a t t e r y  d a t a ,  

9 .  Development of a u x i l i a r y  e l ec t rode  instrumentat ion.  

A complete l ist  of the p r o j e c t s  found i n  t h e  li. i t e d  s u r v e y  on t h e  
nickel-cadmium b a t t e r y  is  given i n  Table 7 .  
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Silver-Cadmium Bat te rv  

The survey of t he  r epor t s  r e l a t i n g  t o  silver-cadiftiurn b a t t e r i e s  yielded 
a t o t a l  of 81 e n t r i e s  f o r  the years  1962-67. There were a toea1 of 66 
items (82% of a l l  items) t h a t  were r e p o r t s  of NASA-sponsored c o n t r a c t s ,  
g ran t s ,  and in-house research .  These e n t r i e s  covered the  fol lowing sub- 
ject  a reas  : 

1. Li fe  cyc le  tests and a n a l y s i s  of  results.  

2 .  Silver-cadmium development program. 

3. Design and development of a hermet ica l ly  sea led  ce l l  i n  a non- 
magnetic metall ic case. 

4. Study of the  u s e  of a u x i l i a r y  e l ec t rodes .  

5. Research and development of b a t t e r y  sepa ra to r s .  

6 .  Study of t h e  e lectrochemical  process  i n  silver-cadmium secondary 
c e l l s .  

7 .  Sol id  s t a t e  c i rcu i t  development. 

8 .  Study of r a d i a t i o n  e f f e c t s .  

9. Heat s t e r i l i z a t i o n  s t u d i e s ,  

A complete list of t h e  p r o j e c t s  found i n  the  survey on t h e  s i l v e r -  
cadmium b a t t e r y ,  is given i n  Table 8. 

Silver-Zinc Bat tery 

The survey of t h e  r e p o r t s r e l a t i n g  t o  s i lve r - z inc  b a t t e r i e s  y ie lded  a 
t o t a l  of 95 e n t r i e s  f o r  the  years  1962-67. There were a t o t a l  9f 76 items 
(80% of a l l  items) t h a t  were r e p o r t s  of NASA-sponsored c o n t r a c t s ,  g ran t s ,  
and in-house research .  These e n t r i e s  covered t h e  fol lowing sub jec t  a r eas :  

1. L i f e  cycle tests and a n a l y s i s  of resul ts .  

2.  Design of s tandard  nonmagnetic, sea led  s i l v e r - z i n c  cel ls .  

3. F e a s i b i l i t y  of d r y  t ape  b a t t e r y  concept. 

4 .  Study of t h e  u s e  of a u x i l i a r y  e l ec t rodes .  

5. Inves t iga t ion  and improvement of z inc  e l ec t rodes .  

6 .  Study of a l k a l i n e  b a t t e r y  sepa ra to r s .  

7 ,  Heat s t e r i l i z a t i o n  s t u d i e s .  
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8 .  Study of the  r e a c t i o n s  p e r t a i n i n g  t o  z inc - s i lve r  b a t t e r i e s .  

9 .  Use of a small  f u e l  ce l l  t o  e l imina te  pvessure caused by gass ing  
i n  high energy dens i ty  b a t t e r i e s ,  

A complete list of the p r o j e c t s  found i n  t h e  survey on the  s i l ve r - z inc  
b a t t e r y  is given i n  Table 9 ,  
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Refrac tory  Alloys 

The ope ra t ing  temperature l i m i t s  of components of a i r c r a f t  and aero- 
space veh ic l e s  have expanded r a d i c a l l y  i n  recent years ,  On the  high t e m -  
pe ra tu re  s c a l e ,  w e  had the  p i s t o n  engine ope ra t ing  a t  a maximum of 1000°F 
i n  t h e  1930s, t h e  introoduction of t h e  je t  engine wi th  ope ra t ing  tempera- 
t u r e s  up t o  about 1500 i n  t h e  ea r ly  1940s, and t h e  rocket engine w i t h  
temperatures up t o  5000 F i n  the  middle 1950s and estimated to  be up i o  
around 6000 F by 1970 (31, 32). I f  re -en t ry  veh ic l e s  a r e  considered, t h e  
upper temperature of i n t e r e s t  is extended t o  about 15,000'F. No mate r i a l  
is a b l e  t o  withstand t h e  re-entry temperatures f o r  any l eng th  of t i m e ,  and 
the  concept of ablation--the gradual vapor iza t ion  of t h e  su r face  t o  pro- 
t e c t  t h e  main body of the  material--must be used. 

The a r e a  of i n t e r e s t  f o r  t h i s  d i scuss ion  l ies  from about 2000'F t o  
above 5000°F, t h e  ope ra t ing  range of the  rocket  engines. The u s e f u l  range 
of the superalloys--containing n i c k e l  or cobalt--extends only t o  about 
2200°F. If one needs t o  go t o  higher temperatures a s  i n  p rope l l an t  rocket 
nozz les ,  i t  i s  necessary t o  cons ider  a new c l a s s  of mater ia l s - - the  re f rac-  
t o r y  m a t e r i a l s  (33, 34). There a r e  only f3u r  meta ls  w i th  mel t ing  p o i n t s  
above 4000'F t h a t  a r e  r e a d i l y  ava i l ab le .  These a r e  columbium, with a m e l t -  
i ng  po in t  of 4470°F;,molybdenum, which m e l t s  a t  4750'F; tantalum a t  54OOOF; 
and tungs ten  a t  6170 F. I f  one groups the  r e f r a c t o r y  meta ls  according t o  
t he i r  s t r e n g t h  and d u c t i l i t y ,  one f i n d s  t h a t  tungs ten  and molybdenum have 
t h e  b e s t  h igh  temperature s t r e n g t h  but tend t o  become br i t t l e  a t  low t e m -  
pera tures .  On t h e  con t r a ry ,  tantalum and columbium have e x c e l l e n t  low 
temperature s t r eng th .  

E f f o r t s  a r e  being d i r e c t e d  toward improvement of  t h e  p r o p e r t i e s  of 
the  r e f r a c t o r y  meta ls  by a l loy ing .  For example, a tantalum a l l o y  has  been 
prepared by adding about 10% tungs ten  and 2.5% hafnium, which has  an in-  
crease of high temperature s t r e n g t h  of f o u r t o  f i v e  t i m e s  over tantalum 
alone, wi th  r e t e n t i o n  of good d u c t i l i t y  p r o p e r t i e s  (35, 36, 37). The 
d u c t i l i t y  of tungs ten  has  been improved by add i t ion  of small amounts-- 
around %--of rhenium (31) . 

A major problem w i t h  a l l  r e f r a c t o r y  meta ls  i s  t h a t  t hey  r e a d i l y  oxi- 
d i z e  even a t  temperatures of a few hundred degrees Fahrenhei t .  I n  t h i s  
case, a l loy ing  has  not  proved success fu l  i n  reducing ox ida t ion  r a t e s  w i t h -  
out s eve re ly  decreas ing  high temperature s t r e n g t h  and low temperature 
d u c t i l i t y  a t  the  same t i m e .  Another approach t o  the  ox ida t ion  problem is 
t o  provide s u i t a b l e  ox ida t ion  r e s i s t a n t  coa t ings .  One coa t ing  process  
t h a t  has  been of p a r t i c u l a r  i n t e r e s t  is  plasma spraying (31). I n  t h i s  
case ,  t h e  coa t ing  m a t e r i a l  i n  powder form i s  c a r r i e d  i n  a gas  stream 
through an e lectr ic  a r c  and sprayed on t o  t h e  p i ece  t o  be coated. The 
var ious  parameters of the process  have been s tud ied ,  and s i g n i f i c a n t  im- 
provements have been made. 

The f a b r i c a b i l i t y  of t h e  r e f r a c t o r y  a l l o y s  has  been s tudied  w i t h  par- 
t i c u l a r  a t t e n t i o n  t o  welding (38). Spec ia l  procedures have been derived 
t o  minimize contamination and t o  c o n t r o l  welding v a r i a b l e s  inc luding  com- 
p l e t e  c leaning  of t h e  ma te r i a l s  before  welding and working i n  very c l ean  
vacuum (NAS3-2540, Table 10). 

34 



Another a p p l i c a t i o n  a r e a  f o r  t h e  r e f r a c t o r y  m a t e r i a l s  has  been i n  
l iquid-metal  technology (NASA in-house, Table l o ) .  Liquid meta ls ,  w i t h  
t h e i r  h ighly  d e s i r a b l e  heat t r a n s f e r  c h a r a c t e r i s t i c s ,  have been used suc- 
c e s s f u l l y  i n  j e t  t u r b i n e  engines t o  cool t u r b i n e  b lades  (39, 40). Another 
use has been a s  working f l u i d s  i n  electric power genera t ing  systems.  A 
t y p i c a l  s y s t e m  is  a Rankine cyc le  power sys tem where t h e  l i q u i d  metal i s  
f i r s t  heated t o  a vapor t h a t  i s  passed through a tu rb ine .  The tu rb ine  
conver t s  t h e  energy t o  mechanical energy t h a t  becomes e l e c t r i c a l  energy 
v i a  t h e  e l e c t r i c  generator.  This  is  very s i m i l a r  t o  t h e  ope ra t ion  of a 
steam power p l a n t .  By us ing  potassium a s  t h e  working f l u i d ,  t h e  e f f i c i e n c y  
of power p l an t  ope ra t ion  is  increased  over t h a t  by us ing  conventional f l u i d s  
such a s  wa te r .  

The choice of con ta ine r  m a t e r i a l  f o r  u se  with l i q u i d  meta ls  depends 
on the use  temperature. For t n e  a l k a l i  l i q u i d  metals--sodium, potassium, 
and sodium-potassium mixtures--refractory meta ls  must be used above 
1808 F (39). Again, f o r  optimum corros ion  r e s i s t a n c e ,  r e f r a c t o r y  metal  
t o ry  a l l o y s  were evaluated i n  test loops t h a t  pe rmi t t ed  long-time t e s t i n g  
under ope ra t ing  cond i t ions  (NAS3-2547, NAS3-6474, Table 10). A s u b s t a n t i a l  
p a r t  of the e f f o r t  i n  r e f r a c t o r y  a l l o y s  has been d i r e c t e d  toward potassium 
Rankine system technology (NASA in-house, Table 10). A l l  of t h e  prev ious ly  
mentioned a reas  of research--oxidation, s t r u c t u r a l  p r o p e r t i e s  inc luding  
creep  s t r e n g t h ,  f a b r i c a b i l i t y ,  and corrosion--are a l s o  being pursued f o r  
l i q u i d  metal technology app l i ca t ions .  
metal technology app l i ca t ions .  

l h e  e f f o r t s  w i l l  culminate i n  t h e  first r e a l  r e f r a c t o r y  components 
t y p i c a l  of advanced Rankine power systems (41).  The p r i n c i p a l  o b j e c t i v e s  
a r e  f o r  space app l i ca t ions ,  but t h e  r e s u l t i n g  systems could j u s t  a s  e a s i l y  
be developed for nuclear  and conventional power sys t ems  t o  feed i n t o  our 
n a t i o n a l  power network. 

The survey of the r e p o r t s  i n  STAR y ie lded  a t o t a l  of 163 e n t r i e s  f o r  
the  yea r s  1962-67. From the  most recent  100 items--covering p a r t  of 1964 
and a l l  of 1965-67--there were a t o t a l  of 67 items (67% of a l l  items) t h a t  
were r e p o r t s  of NASA-sponsored c o n t r a c t s ,  g ran t s ,  and in-house research .  
The sub jec t  a r e a s  t h a t  were covered a r e  given i n  t h e  following l is t :  

1. 

2. 

3. 

4. 

5. 

6. 

Determination of t h e  w e l d a b i l i t y  and e leva ted  temperature s t a b i l -  
i t y  of r e f r a c t o r y  metal a l l o y s .  

Elevated temperature f a t i g u e  d a t a  i n  u l t ra -h igh  vacuum. 

Long t i m e  c reep  d a t a  a t  e leva ted  temperatures.  

Advanced r e f r a c t o r y  a l l o y  cor ros ion  loop programs. 

Cav i t a t ion  damage i n  l i q u i d  metals.  

'iigh s t r a i n  r a t e  behavior. 
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7. High temperature ex t rus ion .  

8. Development of f a b r i c a t i o n  process  f o r  r e f r a c t o r y  metal a l l o y  
f i b e r s ,  

9. S tud ie s  of s o l u b i l i t l e s  of r e f r a c t o r y  meta ls  and a l l o y s  i n  a l k a l i  
met a1  s . 

10. Growth of r e f r a c t o r y  carb ide  s i n g l e  c r y s t a l s .  

A complete l i s t  of t h e  p r o j e c t s  found i n  the  l imi ted  survey on re- 
f r a c t o r y  a l l o y s  i s  given i n  Table 10. 

So la r  C e l l s  

The use  of s o l a r  ce l l  power s y s t e m s  ou t s ide  of space app l i ca t ions  a r e  
a t  p resent  l i m i t e d  because of t h e i r  high cost. However, t h e  s a t e l l i t e  ap- 
p l i c a t i o n s  are important t o  our  d a i l y  l iving--observat ion of our  environ- 
ment f o r  p r e d i c t i o n  of weather changes and othi.-  n a t u r a l  phenomena and t h e  
r e l a y  of e lectromagnet ic  r a d i a t i o n s  al lowing ;;:. t o  communjcate on a g loba l  
s c a l e  w i t h  r a d i o  and TV broadcast ing and enabi ing s h i p s  (and a t  a f u t u r e  
d a t e  a i r c r a f t )  t o  naviga te  wi th  p r e c i s i o n  ( 2 ) .  On Ear th ,  q q l i c a t i o n s  
are c u r r e n t l y  l imi t ed  t o  remote sunny p laces  where solar 1 .tils a r e  more 
economical than o the r  methods. For example, emergency telephone s y s t e m s  
along c e r t a i n  freeways a r e  powered by s o l a r  ce l l s  (16) .  The development 
of a t r u l y  low-cost s o l a r  ce l l  power system should open up new app l i ca t ion  
areas, 

The emphasis of work on s o l a r  ce l l s  has  been t o  inc rease  t .heir  e f f i -  
c iency over  wider temperature ranges,  i nc rease  r e s i s t a n c e  t o  r a d i a t i o n ,  
and decrease c o s t  and weight.  I n  p r a c t i c a l  s i t u a t i o n s ,  t he  s o l a r  ce l l s  
have been capable of conver t ing  s o l a r  energy t o  e l e c t r i c i t y  with 10% s y s -  
t e m  e f f i c i e n c y  (20) .  S i l i c o n  and gal l ium a r sen ide  are among t h e  most prom- 
i s i n g  s ing le -c rys t a l  s o l a r  cel l  m a t e r i a l s  being inves t iga ted  (42,  43) .  

One of t h e  main problems wi th  s o l a r  c e l l s  i s  t h e i r  s e n s i t i v i t y  t o  
?I rad ia t ion  damage. type s o l a r  ce l l s  f o r  t h e  

"p-on-n type brought a g r e a t  improvement w i t h  respec t  t o  s u s c e p t i b i l i t y  
t o  damage from rad ia t ion .  However, t h e  "n-on-p" type s o l a r  c e l l  i s  less 
e f f i c i e n t  than t h e  "p-on-n" type so t h a t  research  is cont inuing i n  these  
a r e a s  (16, 20) ,  (NAS5-3805, NAS5-9131, NAS5-9580, NAS7-289, Table 11.) 
Some add i t iona l  improvements have been e f f ec t ed  by e l imina t ing  c e r t a i n  
impur i t i e s  from t h e  ce l l  materials (21) .  U s e  of cover g l a s s e s  (made from 
g l a s s ,  quar tz ,  or sapphire)  have a l s o  reduced r a d i a t i o n  damage (21) .  Im- 
provements have been d i r ec t ed  toward reducing the  th i ckness  and weight 
of p r o t e c t i v e  g l a s s  s h i e l d i n g  (NAS5-10236, Table 11). The add i t ion  of 
l i t h ium ha5 been found to  inc rease  r a d i a t i o n  r e s i s t a n c e  s ince  l i t h ium m i -  
g r a t e s  t o  and r e p a i r s  damaged a reas ,  but f u r t h e r  work i s  needed t o  de te r -  
mine whether l i th ium w i l l  eventua1l.y evaporate  under such environmental 
condi t ions  a s  t h e  high vacuum i n  space (26) (NAS5-9131, Table 11). 

The s u b s t i t u t i o n  of "n-on-p 
11 
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Gallium arsenide solar cells show higher resistance to radiation damage 
than the silicon type (NAS2-2600, NAS2-3613, Table 11). 

The development of flexible thin film solar cells showed promise for 
reducing weight and permitting mounting on flexible surfaces. The feasi- 
bility of large area arrays required for high power solar cell systems 
was established with increased emphasis on problenis relating to package 
deployment and reducing weight (24) (NAS7-1000, NAS3-6466, NAS3-8502, 
NAS5-9658, Table 11). The refinement in packaging techniques has resulted 
in a flexible roll-up type of constrtiction that can easily be expanded to 
high power arrays (NAS7-100, Table 11). 

A significant accomplishment has been the establishment of standards 
for space applications and calibration for solar cells by launching solar 
cells to 80,000 feet atop balloons. Before the work by NASA, there were 
no accurate criteria, since measurements were made on the ground where 
there is no consistency in available solar energy (24). 

Work is continuing on increasing the high temperature performance of 
solar cells to improve the operation at distances close to or far away 
from the sun. There is work on solar power systems where solar cells op- 
erate until they are close enough to the sun where the :,,at affects their 
operation so that they are automatically covered up, and the thermionic 
power system (electricity generated by heat--in this case the sun) takes 
over. At distances further from the sun, the opposite process takes, 
place (24), (NAS2-2600, NAS2-3613). 

Solar cells have been the main source of electric power on about 
one-half of the spacecraft. Solar cell-powered electric propulsion sys- 
tems show promise of increased payloads to distant planets compared with 
conventional chemical propulsion vehicles (26). 

The limited survey of reports in STAR on solar cell research and de- 
velopment yielded a total of 362 entries from the years 1962-67 and showed 
that NASA is supporting a major portion of research in this area. From 
the most recent 100 items--covering part of 1966 and all of 1967--there 
were 75 reports (75% of all items) of NASA-sponsored contracts, grants, 
or in-house research. The subject areas that were covered are: 

1. Efficiency, improvement and characterization of gallium arsenide 
solar cells. 

2. Efficiency, improvement, and characterization of silicon solar 
cells, 

3. Efficiency, improvement, and characterization of cadmium sulphide 
cells, 

4, Improvement in the energy/density ratio of solar Cells. 

5. Flexible large area solar arrays. 
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6 .  Extendible  l a r g e  a rea  s o l a r  a r rays .  

7. Improvements i n  coa t ings  and cover g l a s s  f o r  s o l a r  c e l l s .  

8 .  Production techniques f o r  s o l a r  c e l l s .  

9. Ground t e s t i n g  of s o l a r  c e l l  a r rays .  

10. Thermal balance of s o l a r  c e l l  a r rays .  

11. Design of s o l a r  c e l l  a r r ays  f o r  app l i ca t ions  i n  s a t e l l i t e s .  

12. Analysis of f u t u r e  app l i ca t ions  f o r  s o l a r  c e l l  a r r ays .  

13. Radiat ion e f f e c t s  on s o l a r  c e l l s .  

A complete list of t h e  p r o j e c t s  found i n  t h e  l imi ted  survey of re- 
p o r t s  on s o l a r  c e l l s  is  given i n  Table 11. 

S t  ress-Corrosion <if Titanium A 1  lovs 

Titanium and i ts  a l l o y s  have been rece iv ing  cons iderable  attentS.on 
because of t h e  combination of low dens i ty ,  high s t r eng th ,  and toughness 
over  a wide temperature range with exce l l en t  ,orrosion r e s i s t a n c e  for most 
appl ica t ions .  The strength-to-weight r a t i o  of t i t an ium is  higher  than 
t h a t  of e i t h e r  steel or aluminum over a temperature range from -400'F t o  
about 600°F; above which steel has  better strength-to-weight p rope r t i e s .  
These p r o p e r t i e s  make t i t an ium more d e s i r a b l e  for most aerospace applica- 
t i o n s  including cryogenic tanks ,  boos te rs ,  and supersonic  a i r c r a f t .  How- 
ever ,  t i t an ium is not being used t o  i t s  f u l l e s t  ex ten t  s ince  it  i s  a new 
ma te r i a l ,  and it has severa l  problem a reas  t h a t  must be solved t o  achieve 
a b e t t e r  understanding and better u t i l i z a t i o n  of the m a t e r i a l s  (31, 44, 
45). 

One of the major problems with t i taniu- .  and i t s  a l l o y s  a r e  their  
s u s c e p t i b i l i t y  t o  f a i l u r e  under t h e  combination of s t r e s s  and cor ros ive  
condi t ions.  While s t rengthening  of t i t an ium is achieved by a l loy ing ,  t h e  
crF king r e s i s t a n c e  of t h e  t i t an ium a l l o y s  is  reduced s u b s t a n t i a l l y  by 
sonti or the  a l loy ing  elements.  Modification i n  a l loy ing  and change i n  
heat  treatment have brought a reduct ion i n  the  cracking tendency (31). 

S tudies  of t he  fundameiital physics  and electrochemistry of t h e  cor- 
rosion processes ,  toge ther  w i t h  p r a c t i c a l  knowledge, a r e  being used t o  
a t t a c k  these  problems (NASA Order R-130, Table 12) .  I n  one procedure, 
t h e  process  of cor ros ion  is  followed by  using a r ad ioac t ive  s a l t  (441, 
(NASA Orde r  R-124, Table 12) .  In  another ,  a s e r i e s  of d i f f e r e n t  t i t an ium 
a l l o y s  i s  t e s t ed  i n  var ious  cor ros ive  environments t o  determine which a i -  
l o y  i s  l e a s t  a f f ec t ed  (NAS7-488, NAS7-489, NAS9-6.Jl5, Table 12) .  

45 



Woxk being done on t i t an ium i n  hot s a l t  environments has  brought ou t  
t h e  p o s s i b i l i t y  t h a t  t h e  production of hydrogen could r e s u l t  from t h e  re- 
a c t i o n  between t i t an ium and t h e  s a l t ,  and t h e r e f o r e  t he  cracking could 
r e s u l t  from hydrogen embrit t lement (NAS Order R-124, Table 12) .  Fur ther  
s t u d i e s  tend t o  confirm t h i s  hypothesis  (46).  

Another environment s tud ied  was ni t rogen  t e t r o x i d e ,  which had caused 
f a i l u r e s  of t i t an ium tanks  (47, 481, (NASA in-house, Table 12) .  T h i s  is  
t h e  ox id ize r  used i n  propuls ion and c o n t r o l  systems of spacecraf t .  In  
t h i s  case a f a s t ,  r e l i a b l e ,  and economic test technique t h a t  o r i g i n a l l y  
had been developed by NASA t o  study t h e  s t ress -cor ros ion  problems i n  t h e  
supersonic  t r anspor t  was used to study the  many v a r i a b l e s  of t he  new prob- 
l e m  (48).  The d a t a  from the  tes t  specimens and some of t h e  s e r v i c e  f a i l -  
u r e  d a t a  showed remarkable c o r r e l a t i o n .  T e s t s  showed t h a t  t i t an ium a l l o y s  
i n  n i t rogen  t e t r o x i d e  t h a t  contained d isso lved  oxygen were immune toc rack -  
ing,  w h i l e  f u r t h e r  work tended t o  show t h a t  ch lo r ine  impur i t i e s  might w e l l  
be t h e  cause (46). 

Inves t iga t ion  of f a t i g u e  cracking of many t i tan ium a l l o y s  t ha t  had 
f a i l e d  a t  low loads  i n  a s h o r t  t i m e  showed t h a t  t i t an ium s h e e t s  w i t h  very 
s m a l l  f a t i g u e  crachs w i l l  wi thstand high loads  i n d e f i n i t e l y  i n  a i r ,  but 
i f  s a l t  water  g e t s  i n t o  the  cracks ,  t h e  ma te r i a l  w i l l  f a i l  r ap id ly ,  even 
a t  l o w  loads  (47). 

I n  some cases ,  work w a s  done to he lp  so lve  unexpected problems. Ti -  
tanium tanks  t h a t  had been p res su re  tested w i t h  methanol experienced cata-  
s t r o p h i c  f a i l u r e s .  T e s t  specimens were obtained from unused, uns t ressed  
ma te r i a l  and from t h e  remnants of two Apollo s e r v i c e  propuls ion system 
f u e l  tanks  t h a t  f a i l ed  while  conta in ing  msthanol under pressure .  The in- 
v e s t i g a t i o n  showed that  methanol and t h e  stressed t i tan ium a l l o y  are in- 
compatible because of a s t r e s s -co r ros ion  mechanism (NASA in-house, Table 
12) .  Fur ther  work has  shown t h a t  water  contaminants i n  methanol may a c t  
a s  an i n h i b i t o r  t o  prevent f a i l u r e  (46) .  

These examples of t h e  work being done on the  s t ress -cor ros ion  proh- 
l e m s  of t i t an ium i n d i c a t e  the  heavy con t r ibu t ion  t h a t  NASA is  making i n  
t h i s  area.  

The importance of t i t an ium is ind ica t ed  by t h e  f a c t  t h a t  t h e  aero- 
space indus t ry  t akes  about 94% of t h e  output.  The breakdown f o r  1967 
shows 54% f o r  j e t  engines,  34% f o r  a i r f rames  (26% m i l i t a r y )  , 6% f o r  space and 
m i s s i l e s ,  and 6% f o r  nonaerospace (49). The supersonic  t r anspor t  i s  t h e  
most promising appl ica t ion .  Since Lhe proposed SST w i l l  be f l y i n g  a t  
t h r e e  t i m e s  t h e  speed of soundo(Mach 3)6 t h e  s k i n  temgerature may l o c a l l y  
reach  temperatures  between 500 F to  600 F. 
s t r e n g t h  rap id ly ,  so t h a t  titanium a l l o y s  are t h e  most l o g i c a l  choice (31) .  
I t  is repor ted  t h a t  some 130,000poundsoftitaniumwillbeused i n  each s u p e r  
sonic t r anspor t ,  not  inc luding  some 9,000 l b  of titanium f a s t e n e r s  (49). 

Above 350 F, aluminum loses 

Other a reas  of app l i ca t ion  include r o t o r  hub forg ings  f o r  h e l i c o p t e r s  
and hardware f o r  t h e  Saturn rocket  (49) .  The undersea app l i ca t ions  of 
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titanium should increase as that area receives increased attention. Pres- 
ent interest is in deep submergence vehicles. 

Because of the many problems with copper and nickel alloys in conden- 
ser and evaporator tubing to handle brines and saline, brackish, and con- 
taminated water, titanium is receiving increased consideration. Desalina- 
tion plants yielding 50 million gallons of water per day could take up to 
5,000 tons of titanium. Because of its excellent nonreactive properties, 
titanium has been used for such medical applications as bv?) implants. 
For example, more than 4,000 of the heart valves in service are essentixlly 
titanium (491. 

With the strong efforts toward understanding and solving the csrro- 
sion and stress-corrosion problems of titanium and its alloys, bot-i space 
and nonspace applications should continue to grow rapidly. 

The survey of the reports in STAR yielded a total of 217 entries from 
the years 1962-67. From the most recent 100 items--covering part of 1965 
and all of 1966-67--there were a total of 45 'items (45% of all items) that 
were reports of NASA-sponsored contracts, grants, and in-house research. 
These entries covered the following subject areas: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Mechanics of stress-corrosion of titanium alloy 8-1-1. 

Elevated temperature stress-corrosion C;  high strength sheet 
materials. 

Long term stress tests on supersonic transport structural alloys. 

The role of chloride in hot salt stress-corrosion cracking. 

Study of variables--heat treatment effects, velocity in various 
sclvents, electrochemical kinetics--in stress-corrosion cracking 
of a titanium alloy. 

Evaluation e€ fasteners and fastener materials. 

Stress- corrosion of titanium in nitrogen tetroxide . 
Stress-corrosion of titanium in methanol. 

X-ray measurement of : 2sidual stresses in titanium. 

Study of hydrogen embrittlement. 

A complete list of the projects found in the limited surveys on 
stress-corrosion of titanium alloys is given j.n Table 12. 
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CON C LUS IONS 

NASA i s  a heavy con t r ibu to r  i n  the  ma te r i a l s  technology a r e a s  encom- 
passing b a t t e r y  systems (nickel-cadmium, silvercadmiurn, and s i l v e r  
z inc ) ,  r e f r ac to ry  alloys, and s t ress -cor ros ion  of t i t an ium alloys. The 
impact of each of these  a reas  was concentrated mostly i n  similar appl i -  
c a t i o n s  ou t s ide  of t h e  space program. These included improvements i n  
r e l i a b i l i t y  and higher  energy dens i ty  for b a t t e r y  sys tems i n  every day 
use; app l i ca t ion  to power genera t ion  systems f o r  r e f r a c t o r y  a l loys ;  and 
app l i ca t ions  of t i t an ium a l l o y s  to  t h e  SST program, deep submergence 
vehic les ,  and chemical processing p l a n t s .  

NASA i s  a moderate con t r ibu to r  t o  the  area of f u e l  c e l l s ,  where t h e  
p o t e n t i a l  app l i ca t ions  ou t s ide  t h e  space program were somewhat b r o a d e r -  
smopf  ree electric automobiles, l i f e  support  systems, and deep ocean 
technology. 

NASA i s  a heavy con t r ibu to r  to  the  s o l a r  cel l  program, but t he  appl i -  
catio--is i n  t h i s  case were more exc lus ive  with fewer direct app l i ca t ions  
ou t s ide  of space. However, someof the  spaceapplications--mainly weather 
and communication s a t e l l i t e s - = h a v e  ind iyec t  b e n e f i t s  such a s  improved 
weather p red ic t ion  and better rad io  and TV t ransmission and recept ion .  

NASA has also made a con t r ibu t ion  to electroforming,  where t h e  appli-  
ca t ions  were more d i f f u s e - c o v e r i n g  such i t e m s  as improved b a t t e r i e s ,  
t oo l ing  and d ies ,  s o l a r  concent ra tors ,  and production of complex p a r t s .  

NASA has cont r ibu ted  s i g n i f i c a n t l y  to t h e  knowledge i n  d i f f e r e n t  areas 
of ma te r i a l s  technology. These have included breakthroughs i n  processing 
techniques such a s  e lectroforming and pioneering of new mate r i a l s  such 
as new re f r ac to ry  alloys. 

The impact of NASA work i n  ma te r i a l s  technology has  been considerable .  
Marly of the new ma te r i a l s  developments by NASA have been appl ied to  
other sectors of t h e  nat ion 's .  economy than t h e  space program. 
include the major economic sectors such a s  power g m e r a t i o n ,  t r a n s p o r  
t a t i o n ,  conununications, and h e a l t h  care .  

These 

The l i t e r a t u r e  search method devised f o r  and used i n  t h i s  prel iminary 
survey has proven t o  be a valuable  technique i n  loca t ing  and sepa ra t ing  
items p e r t i n e n t  to s p e c i f i c  a r e a s  of materials technology. 
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RECOMMENDATIONS 

Extension and refinement of t h e  l i t e r a t u r e  search technique developed 
f o r  this stndy i s  warranted since more complete information may be 
gained wi th  considerably less e f f o r t .  

I t  is  recommended t h a t  t h e  work i n i t i a t e d  i n  t h i s  study be extended so 
t h a t  t h e  real worth of the  NASA con t r ibu t ion  t o  ma te r i a l s  technology 
and t h e  f u l l  impact of those con t r ibu t ions  to  t h e  na t ion ' s  economy can 
be detailed and documented. 
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FUTURE STUDY PROGMM 

The results of t h i s  survey have shown, from t h e  st..rples of s e l ec t ed  
ma te r i a l s  technology a reas ,  t h a t  t he  work performed by NASA has had s i p  
n i f i c a n t  impacts on t h e  n a t i o n ' s  economy. From t h i s  promising first s t e p ,  
cont inua t ion  and ex tsns ion  of the s tudy of t h e  impacts of new ma te r i a l s  
technolc &y is warranted. 

From t k e  experience gained from t h e  feasibi l i ty  s tudy,  a more de- 
s i r a b l e  arrangement for searching the  l i t e r a t u r e  f i l e s  would be t o  use 
t h e  SRI information access  channel t o  t h e  NASA S c i e n t i f i c  and Technical 
Information F a c i l i t y  a t  College Park, Maryland. The batch process  would 
be used, and t h e  r e t r i e v a l  of information as to  content  and print-da.,c 
would be sub jec t  to  the l imitations of the  computer a lone an@ not t he  
l i m i t a t j o n s  of a console/computer combination. I n  t h i s  way, separa t ions  
i n t o  NASA and noli-NASA items wi th  pr in t -out  would be performed by machine 
and preclude t h e  necess i ty  of manual ope ra t ions  f o r  those  s t e p s  In ad- 
d i t i on ,  t h e  pr in t -out  of C i t a t i o n s  for each i t e m  would provide - , : f f ic ient  
inforinstion t o  e l imina te  the  need f o r  t h e  complete abs t rac t :  . i i  g r l n t e d  
i o  STAR (50). 

By surveying the l ist  of pr int-outs ,  i t  would be possib1.e to idt int i fy  
the  groupings of i i x m s  under ccintract number and t o  select ti i l .se items on 
tile b a s i s  of t echn ica l  content  and advancement of t h e  s t a t e  of the  ar t .  
The a n a l y s i s  of t h e  t echn ica l  con t r ibu t ions  and r e s u l t i n g  impacts would 
then have the advantage of mare complete coverage. Many more of t h e  in- 
dex terms, which d id  not meet the high percentage of NASA e n t r i e s  per  
sample c r i t e r i o n  used f o r  t h e  prel iminary survey, would then be analyzed. 
Many of t h e  i t e m s  i n  the  o r i g i n a l  l i s t i n g  o f  33 items were assumed Lo have 
high impa@s, but  would have t o  await a more ex tens ive  survey of t h e  m a t o  
r i a l s  technology a reas .  

In  addition, a more cor.plete s tudy  would cross-referenc? p e r t i n e n t  
c o n t r a c t s  to  NASA forms 1122 t o  o b t a i n  do1i:tr va lues  f o r  th2 :elected 
samples and determine t h e  d o l l a r  volrune of t h e  NASA support  t o  t h e  t o t a l  
effort  i n  each of th-2 ma te r i a l s  technology areas. 

By the  more detailed survey proceaure descr ibed above, a complete 
and irripressive study could be made of the  s u b s t a n t i d  con t r ibu t ion  tha? 
NASA has  made t o  t h e  advaaceiient of ma te r i a l s  technoiogg. 
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